' INTRODUCTION
The electrochemical fabrication of micro-and nanomaterials has been the object of various studies in recent years. In most cases the fabrication is performed through the electrochemical deposition of materials inside the voids of ordered porous templates. For example, the preparation of nanowire arrays made of different materials electrodeposited inside the porous structures of alumina membranes, nanochannel alumina, or anodic aluminum oxide. 1À5 Electrochemical fabrication can also be regarded as a building procedure whereby a deposit is constructed by combining materials electrochemically deposited in sequence. In one early study conducting polymers were electrodeposited in series to fabricate an organic pÀn junction diode. 6 Polyaniline, for example, has been extensively used for the electrochemical fabrication of nanomaterials for a variety of applications. 7À10 Recently, photoactive oxide nanotubes and conducting polymers were electrodeposited in sequence to give a combined photoconductive material. 11 It is also interesting to report a reversed approach to fabrication called dealloying, a "corrosion-type" procedure which consists of etching an alloy made of two metals. One metal is electrochemically etched while the other one is passivated to form a nanoporous matrix. 12 These different strategies are all aimed at the same goal to obtain structured materials with micro-and nanostructure features.
Electrochemical deposition methods offer several advantages over other fabrication techniques as they are simple, cheap, and reproducible. 13 Furthermore, parameters such as the concentration of the electroactive species and the electrodeposition potential have significant effects on the efficiency of the deposition and on the microstructure of the deposits. 13 In this paper we present results on the influence of the electrode potential on the shape and content of the microstructures deposited. Significantly, at certain applied potentials the microstructures are composed mainly of Cu 2 O. Cu 2 O has been extensively investigated for potential applications in different technologies including solar cells, 14, 15 gas sensors, 16, 17 and lithium batteries. 18, 19 Its narrow band gap energy (1.9À2.2 eV), low material cost, and nontoxicity make Cu 2 O a very promising material for photovoltaics. 20 Moreover, its conduction and valence bands are close to the reduction and oxidation potentials of water, respectively, enabling efficient water photolysis for hydrogen gas generation. 20 In recent years interest has developed on the shape controlled electrochemical deposition of Cu 2 O microcrystals on a conducting substrate. These studies are important in order to enable any correlation of crystal shape with chemical and physical properties to be determined. Parameters that have been investigated which alter the shape of the Cu 2 O crystal formed include surfactant molecule additives, 21 potential/current applied, 22 pH, 23 and the application of a magnetic field. 24, 25 In this paper we show that by altering the electrode potential one can control the shape of Cu 2 O microcrystals deposited on a conducting polymer. Moreover, we have prepared hybrid microstructures by
The Journal of Physical Chemistry C ARTICLE the sequential deposition of Cu 2 O and then copper hydroxysulfates at different electrode potentials. To the best of our knowledge, this work is the first example of employing the electrode potential to control the electrochemical reactions of a conducting polymer film in order to alter the shape of Cu 2 O microcrystals and fabricate copper-based hybrid microstructures.
Hierarchy in materials is related to the presence of structural elements organized at different scales. 26 Studies have shown that the size and shape of nanostructures have a significant effect on their properties and potential applications. 27, 28 Electrodes coated with nanostructured metal and metal oxide layers have recently found application in a number of fields, including as anodes for fuel cells 29 or lithium batteries, 30 sensors, 31 optoelectronic devices, 32 and superhydrophobic surfaces. 33 A number of works have highlighted that the nanostructuring of metal or metal oxide electrodes can lead to enhanced electrical conductivity and better electrochemical activity. 29, 30, 32, 34 Hierarchical flowerlike metalbased structures can result in superhydrophobic surfaces by increasing surface roughness. 35 It is interesting to note that hierarchical structures of copper sulfate hydroxide, which form part of the present work, have been shown to have superhydrophobic properties. 36 The study of the mechanism of formation of the hierarchical structures can help identifying their elementary units and characterizing their assembling mode. The way the units combine with each other to form components of increasing dimensionality is useful, for example, in the scientific field of crystal growth and design. Also, as for the study of the mechanism of a chemical reaction, knowing which intermediates are involved in the growth of a structure should allow a better control of its properties and use. Previous work by our group has shown that copper-based hierarchical micro/nanostructures could be deposited on a polypyrroleÀpolystyrene sulfonate (PPyÀ PSS) film from aerated or oxygen-saturated CuSO 4 solutions at a potential of 0.10 V vs SCE. 37 The structures were fully characterized and found to consist of a mixture of two different copper hydroxysulfates
It is relevant to note that these hierarchical micro/nanostructures could be used to form copper metal nanoparticles by electrochemical reduction, as reported in our recent paper. 38 Speculatively, the ease of conversion of hierarchical structures to nanoparticles might be related to the nature and assembling mechanism of their fundamental building units which are also nanoparticles.
The work outlined in this paper highlights how the subtle control of the interfacial processes of polypyrrole thin films can be used as a tool for the electrochemical deposition and fabrication of micro/nanomaterials. Furthermore, some interesting aspects related to the type of nucleation and the mechanism of growth of the hierarchical copper hydroxysulfate salts on PPy-PSS films are presented.
' EXPERIMENTAL SECTION Materials. The chemicals used in the present work were pyrrole (98%), poly(sodium 4-styrenesulfonate), M w ∼70 000 g/mol, and copper sulfate pentahydrate (99.999%). Water was distilled and Milli-Q purified in the laboratory (14 MΩ 3 cm, pH = 5.0). All chemicals were supplied by Sigma-Aldrich.
Preparations. A stock amount of pyrrole (Py) was vacuumdistilled and stored in the dark at À20°C under nitrogen. The electropolymerizations were run in aqueous solutions made from fresh aliquots of distilled Py and poly(sodium 4-styrenesulfonate) (PSS). The molar concentration of the polyanion in solution was calculated from the molecular weight of the corresponding monomer unit. The PPyÀPSS thin films were prepared on glassy carbon (GC, 0.126 cm 2 ) and gold (Au, 0.200 cm 2 ) electrodes using a standard three-electrode cell. The counter electrode was a platinum wire and the reference electrode a standard calomel electrode (SCE, all potentials in the figures are referred to SCE). The electrolyte solution was made of 0.15 M Py and 50 mM PSS dissolved in Milli-Q water. The polymer was grown at a constant potential of 0.60 V vs SCE to give uniform thin films. The electropolymerizations were stopped after a certain charge was reached, usually 40 mC/cm 2 . The thickness of the PPyÀPSS films was calculated as 120 nm using a volume-to-charge ratio of 3.00 Â 10 À4 cm 3 /C. 39 The copper-based micro/nanostructures were formed electrochemically on the surface of the PPyÀPSS films. 37 After the electropolymerization, the electrodes were thoroughly rinsed with Milli-Q water and immersed in 0.10 M CuSO 4 aerated or oxygensaturated solution. The potential of the electrode was set at a constant value of 0.10 V vs SCE until a certain charge was passed (usually 40 mC/cm 2 ), and the copper-based structures were formed. Once the deposition was completed the working electrodes were extensively rinsed with Milli-Q water and left to dry. The same procedure as described above was applied for the fabrication of the copper-based microstructures, but at different potentials and for different time periods. A PPyÀPSS film was freshly polymerized on the working electrode that was then rinsed and immersed in the copper sulfate solution. Three different potentials 0.10, 0.00, and À0.10 V vs SCE were applied to three different films. After the electrodeposition the electrodes were rinsed with Milli-Q water and characterized. Different copper-based structures were formed at each potential. In order to fabricate hybrid copper-based microstructures a step potential at À0.10 V vs SCE was applied to a new PPyÀPSS film for a few seconds, followed by a prolonged deposition at 0.10 V vs SCE on the same film and in the same electrolyte solution.
Equipment. The electrochemical experiments were performed with a Solartron 1285 potentiostat. The electrochemical quartz crystal microbalance was a CH Instrument 400A equipped with a CH127 cell and CH125A gold crystal electrodes. The microscopy characterization was performed with a scanning electron microscope (SEM) Hitachi S-3200-N with a tungsten filament electron source equipped with an Oxford Instrument INCAx-act EDX system. Another SEM was available at the Tyndall National Institute (Cork, Ireland), a Hitachi S-4000 with a cold cathode field emission electron source (FE-SEM) equipped with Princeton Gamma Technology Avalon 8000 EDX system. The samples were sputter-coated with gold or gold/ palladium ultrathin films with an AGAR automatic sputter coater equipped with an AGAR terminating film thickness monitor unit. The X-ray photoelectron spectroscopy (XPS) equipment was a Kratos Axis 165 equipped with a monochromatic Al source (Kα 1486.58 eV) with a spot size of 1 mm. The source power was 150 W (10 mA, 15 kV), the takeoff angle was set normal to the sample surface, the construction and peak fitting in the narrow region spectra were performed using a Shirley type background, and the synthetic peaks were of a mixed GaussianÀLorentzian type. Adventitious carbon was used for charge reference; the C 1s line of adventitious hydrocarbon was assumed to have a binding energy of 284.8 eV.
The Journal of Physical Chemistry C ARTICLE ' RESULTS AND DISCUSSION Fabrication of Copper-Based Hybrid Microstructures. The electrochemical deposition of copper-based materials at PPyÀPSS thin films is strongly dependent on the electrode potential. While the deposition at 0.10 V vs SCE gives the formation of hierarchical copper hydroxysulfates micro/nanostructures, 37 the copper electrodeposits formed at lower potentials could possibly contain any or a mixture of copper metal, copper oxides, hydroxides, and/or hydroxysulfates. In order to investigate the influence of deposition potential on the nature of the structures, the modified films were characterized using SEM-EDX and XPS after electrodeposition at three potentials (Figure 1 ). The first striking observation is the variation in the shape of the materials with the decrease of deposition potential. The hierarchical copper-based micro/nanostructures are only formed at 0.10 V vs SCE. These are replaced with branched microcrystals at 0.00 V vs SCE and single microcrystals at À0.10 V vs SCE. In all cases the surface of the electrodes is covered by an even distribution of deposited material as shown by the lower magnification micrographs of Figure 1 . The composition is also dependent on the electrode potential. The EDX spectra show the presence of sulfur only in the micro/ nanostructures; hence, at deposition potentials of 0.00 and À0.10 V vs SCE the crystals are made up of copper hydroxide/oxides. XPS spectra were taken in order to establish which of these components are present in the deposits. The Cu 2p 3/2 signals and their respective fittings are given in Figure 1 . The XPS spectrum of the hierarchical structures has been discussed in detail previously, 37 and it is reported again here for completeness. The deposits formed at 0.00 and À0.10 V vs SCE both show a peak at 932.9 eV which is related to either copper metal or Cu 2 O (the peak of CuO is found at higher binding energy, e. g., 933.8 eV). 40 The Pourbaix diagram of copper 41 predicts that at potentials of deposition of 0.00 and À0.10 V vs SCE copper metal can only form at pH below 4 and 6, respectively. The Journal of Physical Chemistry C ARTICLE Reasonably, the pH at the film surface is much higher during the electrodeposition because of OH À generation from the reduction of oxygen. 37 It follows that for both the deposits formed at 0.00 and À0.10 V vs SCE the peak at 932.9 eV is due to the presence of Cu 2 O and not of copper metal. In addition to the peak at 932.9 eV, the Cu 2p 3/2 spectra recorded for the deposits formed at 0.00 and À0.10 V vs SCE showed peaks at 935.1 and 934.9 eV, respectively, which are typical of Cu(OH) 2 with its corresponding satellite peaks. 42 Considering that XPS probes the top 10 nm of the sample surface, a very thin layer of Cu(OH) 2 must be present on the deposits surface. The Cu 2p 3/2 signals observed from the deposits formed at 0.00 and À0.10 V are nearly identical to those reported by Yin et al. for Cu 2 O nanocrystals. 43 The only difference is that such nanocrystals were covered by an amorphous layer of CuO. The surface characterization data are consistent with the deposits formed at 0.00 and À0.10 V versus SCE being composed of Cu 2 O covered by a thin layer of Cu(OH) 2 . The shapes of these microcrystals are also in agreement with those observed for the electrochemical deposition of Cu 2 O. 22 In particular, the deposit formed at À0.10 V vs SCE has the shape of cubic truncated pyramids, which is characteristic of Cu 2 O crystals in the case of similar growth rates along the AE100ae and AE111ae directions. 44, 45 The electrodeposition of Cu 2 O materials has been receiving much attention in the past few years because of their application, for example, in homo-and heterojunction solar cells. 46À49 In general, these materials are all potentially very interesting; in fact, micro-and nanomaterials of copper hydroxide and/or oxides have been considered in various fields of application such as sensing, solar energy harvesting, and catalysis.
43,50À52
The electrochemical deposition of various copper materials and structures at the PPyÀPSS films is possible because of the different processes involved at the film surface, such as oxygen reduction and diffusion of ions through the film. 37 These processes are in simultaneous competition, and the outcome of the electrodeposition is dependent on their relative rates. These rates can be altered by changing the electrode potential, implying that a reaction can be excluded through the application of an appropriate potential. In the present case this reaction is the electrocrystallization of hydroxysulfate species which is dominant at 0.10 V vs SCE, but excluded below 0.00 V vs SCE. The same consideration is true if the potentials are applied in the opposite direction. For example, if the first potential applied to the polymer film was À0.10 V vs SCE, the deposited species would be single microcrystals, but then at 0.10 V vs SCE the deposited species would become hierarchical micro/nanostructures, all on the same electrode modified surface. This would provide the means of coupling the two structures to form hybrids. Accordingly, the electrochemical deposition of hybrid copperbased microstructures was performed on PPyÀPSS films by applying first a short potential pulse at À0.10 V vs SCE, followed by a longer deposition at 0.10 V vs SCE. The resulting structures are shown in Figure 2 .
The structures, as expected, are made of two components. The central component is a microcrystal, whereas the surrounding material is a contour of welded sheets. Micrograph 2a shows a group of hybrids that are mostly of similar size and shape, with each microcrystal evenly adorned. Micrographs 2b and 2c show the details of the welded sheets that are concentrically distributed around the microcrystal. The hybrids in 2a 0 , 2b 0 , and 2c 0 are larger versions of the ones shown in 2a, 2b, and 2c, as they were deposited for a considerably longer period of time at 0.10 V vs SCE (400 mC/cm 2 compared to 40 mC/cm 2 ). Interestingly, the central microcrystal does not increase in size with continued deposition at 0.10 V vs SCE, but the surrounding welded segment increases considerably to give hybrid dimensions as wide as 50 μm (diagonal). Moreover, as shown from a comparison of micrographs 2c and 2c 0 , the surface morphology of the welded structure becomes rougher with increasing deposition periods. Also, for long deposition periods the formation of additional and independent hierarchical micro/nanostructures is observed on the film, as shown in micrograph 2a 0 . The flat and welded appearance of the hybrids, instead of being made from clusters of individual nanothin sheets, as formed previously at this potential (Figure 1) , is likely to be due to a seeding effect of the central microcrystals. 53 These crystals may act as seeds for the nucleation of the copper hydroxysulfates sheets that expand flat The Journal of Physical Chemistry C ARTICLE from the center onto the film surface, rather than growing into a hierarchical micro/nanostructure. Discrete hybrids are formed, but as evident from micrograph 2a, if the initial microcrystal nucleation sites are not sufficiently far apart, the hybrids can merge to give more complex structures. The electrodeposition of the hybrids is reproducible, and as observed earlier for each of the separate electroforms, the microhybrids are distributed across the entire polymer film surface (Figure 3) . The variety of structures formed upon a 200 mV change of potential is remarkable evidence of the diverse processes involved at the film/solution interface during the electrochemical depositions. The efficient nucleation of the copper deposits is enhanced by the high localized surface concentration of captured Cu 2+ ions. 16 However, other simultaneous interfacial reactions determine the shape and composition of the deposits. At 0.10 V vs SCE, the deposition is governed by the presence of sulfate and hydroxide ions from the electrolyte solution and the oxygen reduction reaction, respectively. 37 At the lower potentials of 0.00 and À0.10 V vs SCE, the reduction of oxygen occurs at a higher rate, leading to the pH increase necessary for deposition of structures composed of copper hydroxide/oxides.
Formation of Copper Hydroxysulfates Hierarchical Structures.
In order to gain a greater understanding of the means of formation of the structures on the polymer surface, an investigation was carried out on the mechanism of formation of the copper hydroxysulfates hierarchical micro/nanostructures. The means of preparation and characterization of these structures has been discussed elsewhere. 37 In order to investigate the mechanism of nucleation and growth, SEM micrographs of the structures were recorded at different stages of growth (Figure 4) . The micrographs shown, designated as 4aÀ4a 0 , 4bÀ4b 0 , and 4cÀ4c 0 , represent the evolution of the structure as a function of time. At the very early stages (4a) a bone-shaped copper-based stick is observed, and it appears to sit on top of the polymer film; the size of the stick is about 3 μm long and 1 μm wide. At this stage, the stick is already made of several layers, a few tens of nanometers thick. Copper-based nanoparticles of about 20À50 nm are seen aligned along the length of the stick, forming numerous nanowires (4a 0 ). With the progression of the electrodeposition, other sticks, similar to the first one, are formed to give an almost centered structure (4b). At this stage, the sticks are still made of nanowire/nanoparticles (4b 0 ). Once the structure become larger, it resembles the final flowerlike hierarchical shape (4c) and nanowire ends can still be seen at the edge of the sticks (4c 0 ). At this stage, the flowers are made up of sticks, with each stick assembling to give what could be described as a petal of a flower. By the end of the electrodeposition, a cluster of compact petals is formed. 37 At the beginning of the flower formation (4a), the nanoparticles are likely to nucleate directly on the film surface, most probably from the Cu 2+ ions that are captured and aligned along the polymer chains of the film. This assumption is based on the work by Yang et al. 54 in which it is shown that thin films of PPyÀPSS (30À60 nm) are made of polymer chains lying parallel to each other on the electrode surface. Other nanoparticles are then crystallized at the same site, causing the formation of nanowires that extend to give the growth of nanosheets. Until The Journal of Physical Chemistry C ARTICLE this point, the deposition process is governed by the electrochemistry of the polymer surface with the consequent nucleation and growth of the first group of petals. In the meantime, the nanoparticles grow in diameter forming thicker sheets with jagged borders. Eventually, smooth petals are formed with no particles visible at the petal edges in the finished flowers. 37 During this part of the growth, the copper hydroxysulfates are likely to be deposited directly on the already formed petals and not at the film.
The potentiostatic deposition of three-dimensional structures from multiple nucleation sites in the diffusion-controlled regime is described by the ScharifkerÀHills model. 55 According to this model, two diagnostic relationships can be used to determine whether the nucleation of the copper-based micro/nanostructures is instantaneous or progressive. In order to compare the experimental data to the model equations, the currentÀtime data are plotted in the dimensionless coordinates (i/i MAX ) 2 and t/t MAX , where i MAX is the current maximum of the chronoamperometric response reached at time t MAX . In the present case t MAX = 195 s and i MAX = À0.171 mA/cm 2 , and the resulting curve is shown in Figure 5 . The solid and dashed lines represent the dimensionless profiles of instantaneous and progressive nucleation, respectively.
At the start of the nucleation, corresponding to the minimum of the currentÀtime response just above 1 / 2 t MAX , the experimental data follow closely the model of progressive nucleation. The same is true around the current maximum at t MAX . This part of the current profile is typical of depositions in which the formation of new nuclei is faster than the growth of existing nuclei; 55 the result is the progressive superposition of the currents of formation and growth of each nucleus. The data start departing from both models at about 2t MAX as a result of the changes in the deposition process, such as precipitation from the solution rather than direct nucleation on the film surface or changes of pH and composition of the solution during the deposition. 56 In addition, the progressive nucleation is also evident from Figure 6 , where a large number of nucleation sites is found, with each hierarchical structure growing in an independent manner. The structures have different sizes, confirming that the nucleation is progressive, with new sites being established during the electrodeposition period.
The mechanism of formation of the hierarchical structures can also be analyzed by comparing current, mass, and mass-to-charge ratios during the electrochemical deposition. The mass-to-charge ratio, R, is the mass deposited per unit of charge and is proportional to the molar mass, M, of the deposited material (R = M/nF). The ratio is calculated from the slope of the massÀcharge curve. The value of the ratio at each single time of the deposition is labeled as the instantaneous ratio, R inst . The electrodeposition of the hierarchical copper-based micro/nanostructures can be divided into five stages, as shown in Figure 7 . A scheme of the mechanism is also given in Figure 8 . In the first stage there is an increase of current without any significant amount of deposited mass; consequently, the R inst is close to zero. This stage lasts less than 20 s. The charge passed during this stage is used to reduce either oxygen or the polymer film. A current maximum is then reached and this is followed by a decrease in the current, but in contrast to the previous stage there is a correlated increase in mass. This second stage lasts about 60 s and is mainly due to the capture of Cu 2+ ions by the polymer film. The third stage corresponds to an increase in current and extends from about 75 to 200 s. This is the current associated with the nucleation of hierarchical structures which are isolated from each other. Additionally, during the first 200 s of the experiment the mass begins to increase and R inst climbs toward its first plateau value. On close inspection of Figure 7 , it can be seen that the mass The Journal of Physical Chemistry C ARTICLE increase lags behind the current increase, so that the increase in R inst does not mirror exactly the increase in current. This is related to the fact that part of the charge consumed is connected with the reduction of dissolved oxygen and the generation of hydroxide ions. 37 When the concentrations of Cu 2+ and OH À ions have reached a critical value, the nucleation of the copper hydroxysulfates micro/nanostructures begins in the presence of SO 4 2À . This gives rise to an increase in mass and a corresponding sharp increase in R inst . SEM micrographs recorded of the structures formed at this stage of growth show the simple bone-shaped stick ( Figure 4, micrograph 4a ). As the current passes through a maximum value (at ∼200 s) other sticks start forming at the nucleation site ( Figure 4, micrograph 4b ). This indicates that this current is associated with the growth from overlapping nuclei. In the fourth stage, the current starts decreasing due to the superposition of the diffusion layers of the growing nuclei. Correspondingly, the mass increase starts to slow down giving a R inst almost constant at around 1.323 mg/C. During this stage that lasts about 200 s, the sticks have grown in number and size to form hierarchical clusters which are not yet completely developed (Figure 4, micrograph 4c) . The fifth and last stage is characterized by a monotonic decrease of current and a linear increase in mass with a rate (slope) slightly lower than the previous stage. In the meantime the R inst has shifted to a lower value of 1.161 mg/C. This change could be due to the reciprocal hindrance that each cluster is now experiencing from the surrounding ones. Charge is being consumed to carry out the electrochemical reactions, such as oxygen reduction, but it has become more difficult to produce the necessary local concentration of ions to cause precipitation. At this final stage the hierarchical copper-based micro/nanostructures take the form shown in Figure 6 . Finally, with the further progression of the deposition fully grown micro/nanostructures are formed.
' CONCLUSIONS
Studies on the effect of the electrode potential on the deposition of copper-based materials onto PPyÀPSS film showed that this has a major influence on the composition and morphology of the deposited materials. Hybrid microstructures were prepared by a simple two-step procedure comprising of two depositions at potentials of À0.10 and 0.10 V vs SCE, respectively. The SEM micrographs of the different stages of formation of the hierarchical micro/nanostructures at 0.10 V vs SCE on PPyÀPSS films surface showed that the structures are formed from nanoparticles. The nanoparticles are aligned along nanowires that are then arranged into layered nanothin sheets. The nanosheets are then arranged concentrically to each other to finally form the hierarchical clusters. The nucleation is progressive and characterized by different stages of growth. It can be concluded that an electrode modified with a PPyÀPSS film is a novel, inexpensive, and simple tool useful for the deposition and fabrication of micro/nanomaterials with a range of shapes and compositions.
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